Introduction: How might plasticity influence evolution, and how can we tell?
Phenotypic plasticity is the capacity of a single genotype to produce different phenotypes in response to environmental variation (Pigliucci 2001) . Plastic changes can manifest in any type of life-history, physiological, morphological or behavioral trait, and can take many forms: e.g., continuous reaction norms versus discrete polyphenisms, reversible versus fixed changes, within-generation responses versus trans-generational maternal effects (Schlichting and Pigliucci 1998; Pigliucci 2001; West-Eberhard 2003) . For the purposes of this article, I consider all of these variations under a single umbrella-term ''phenotypic plasticity,'' because they share an essential feature that lies at the heart of how and why plasticity can influence evolutionary outcomes; variation in the environment induces variation in phenotypic expression.
Over the past century, a number evolutionary biologists have argued that phenotypic plasticity can play an influential role in evolutionary processes (e.g., Morgan 1896; Osborn 1896; Baldwin 1902; Waddington 1942; Simpson 1953; Stearns 1989; West-Eberhard 1989; Robinson and Dukas 1999; Agrawal 2001a; Pigliucci and Murren 2003; Price et al. 2003; West-Eberhard 2003; Schlichting 2004; Ghalambor et al. 2007; Pigliucci 2007; Lande 2009; Matesanz et al. 2010; Pigliucci 2010; Moczek et al. 2011) . While the details of their underlying conceptual and theoretical models vary, several themes have emerged. First, under novel environmental conditions, some changes in behavior, physiology, life history, and/or morphology might be beneficial, allowing at least some individuals to persist until natural selection further enhances a population's mean fitness (Baldwin 1902; Robinson and Dukas 1999; Price et al. 2003; Ghalambor et al. 2007; Lande 2009 ). Second, plastic responses to novel conditions rapidly alter the targets of natural selection in a population, thus influencing the rate and outcome adaptive evolution (Ancel 2000; Ghalambor et al. 2007; Lande 2009 ). Many of the mechanisms by which plasticity might impact evolution are predicated on the existence of heritable variation for plasticity; however, even when they are not heritable, plastic responses might lead to altered patterns of selection on related traits that do exhibit heritable variation . Finally, given its potential effects on evolutionary change within populations, plasticity may promote diversification among populations that live in alternative environments (West-Eberhard 2005; ). Central to these themes is the insight that the environment plays two essential roles in evolution, at once influencing how genetic variation translates into phenotypic variation and then selecting among those phenotypes.
Contention surrounding the role of plasticity in evolutionary processes remains high, and mainly involves three questions. First, does plasticity act to retard or to promote evolutionary change? It appears that both outcomes can occur, depending upon the circumstances (Papaj 1994; Ancel 2000; Price et al. 2003; Ghalambor et al. 2007; Paenke et al. 2007) . Second, are genes or the environment the ''leaders'' that initiate evolutionary change (West-Eberhard 2003; Schwander and Leimar 2011; Uller and Helanterä 2011) ? In my opinion, the answer to this question depends upon one's perspective of where a given instance of evolution ''starts:'' a difficult, if not impossible, question to answer given that evolution is a perpetual process. Finally, is there sufficient empirical support for plasticity's hypothesized roles in directing evolutionary trajectories (Simpson 1953; de Jong 2005) ? This final question is encapsulated in Futuyma's (2011) recent review of Pigliucci and Muller's Evolution: the Extended Synthesis (2010b): ''Although the evolution of reaction norms is unquestionable, I think the burden of proof for the pioneering role of plasticity rests on its advocates.'' Indeed, the burden of proof, or at least the burden of robust empirical support, rests on the proponents of any scientific hypothesis or theory. One challenge to building widespread acceptance, however, is the flawed expectation that any one study should demonstrate many, or all, of the proposed impacts of plasticity on evolution. These impacts are likely diverse, and as such, a diverse body of evidence is required to not only answer whether plasticity influences evolution, but also how, how often, and under what circumstances. Consequently, it is not surprising that some critics find few individual examples convincing (e.g., Futuyma 2011), just as it is difficult to find a single convincing example that demonstrates the diverse processes of speciation, for example (Coyne and Orr 2004) . Despite relatively few demonstrations of all mechanisms of speciation from inception to completion, we are collectively convinced that speciation occurs, and we base our understanding on a large body of evidence, with individual studies filling in pieces of a much larger puzzle. Darwin appreciated this approach as well. Over the course of decades, he built his case for evolution by natural selection and descent with modification by drawing inferences from numerous quarters, including comparative studies of natural populations, artificial selection on domesticated animals, and fossil evidence (Darwin 1859). The purpose of this article is to outline practical approaches to solving another complex evolutionary problem, by identifying a number of key questions regarding the role of plasticity as a driver of evolutionary change, and describing the types of study systems that can best be used to answer them.
Answering the empirical challenge
Accomplishing this goal is particularly challenging because the processes involved operate at different timescales and at different levels of biological organization. Plasticity is a developmental process manifest within the lifetime of a single individual, whereas evolution reflects changes to populations across generations. Moreover, reaction norms, the functions that describe the relationship between the phenotype and environment, often vary genetically within populations and can themselves evolve (Scheiner 1993; Schlichting and Pigliucci 1998; David et al. 2004) . Therefore, testing hypotheses regarding the influence of phenotypic plasticity on evolution is complicated by the fact that ancestral environments can be difficult to ascertain, and ancestral developmental responses to those environments often have evolved or disappeared by the time we try to observe how they influence the early stages of adaptation .
Several types of systems can be used to overcome this obstacle, with each suited to addressing a particular subset of the hypotheses discussed below. I organize them into four main categories: (1) experimental model systems in which developmental genetic mechanisms, and/or evolution can be directly observed, (2) natural populations currently experiencing a change in their environment, allowing the direct observation of the initial interaction between plasticity and selection, (3) natural systems in which both ancestral and derived populations are extant, permitting comparison between ancestral and derived reaction norms in alternative environments, and (4) lineages in which derived, divergent taxa inhabit different environments, permitting phylogenetic inferences about the evolutionary trajectory of plasticity and its consequences for diversification. In all cases, it is essential to understand how environmental variation affects both development and selection in order to understand how these processes interact. The more direct that knowledge, the better we can draw causal links between phenotypic plasticity and evolutionary outcomes. In addition to experimental studies of evolution (Waddington 1953; Garland and Kelly 2006; Kelly et al. 2006; Lee et al. 2011; Reboud and Bell 1997) , many natural situations satisfy this criterion, such as invasive species (e.g., Lee et al. 2011) , mainland-island pairs (e.g., Aubret et al. 2004; , populations experiencing range expansions (e.g., Pfennig and Murphy 2002; Otaki et al. 2010) , species experiencing climatic change (e.g., Reale et al. 2003; Matesanz et al. 2010 , for review), plants with persistent seed banks that can be used in ''resurrection studies,'' which compare individuals from before and after an environmental change (e.g., Franks et al. 2007; Franks and Weis 2008; Matesanz et al. 2010) , and many others.
Essential hypotheses regarding the impact plasticity on evolution
Below, I discuss eight hypotheses that lie are at the heart of understanding the role of plasticity in evolution, with examples of how they have been, or might yet be, tested. All hypotheses have been proposed elsewhere by other authors, and thus are not new to science. Rather than to generate new theory, my goal is to present these hypotheses in a concise, organized fashion, hopefully providing clear guidance to investigators interested in testing them empirically (see Table 1 for a concise summary and for references to empirical studies).
Phenotypic plasticity promotes persistence in a new environment
Phenotypic plasticity is a ubiquitous feature of organismal development, so exposure to a novel environment is likely to cause many individuals in a population to look and/or behave in new ways (West-Eberhard 2003) . While many of these responses might be maladaptive, some might be beneficial under the new conditions, particularly if the novel trait is a behavior that improves via learning (Baldwin 1896; West-Eberhard 2003) or if past selection in similar environments has produced adaptive reaction norms (Ghalambor et al. 2007 ). If plasticity buys enough time, mutation and recombination can fuel evolutionary adaptation to that environment.
This hypothesis (and most of the ones presented below; see Table 1 ) can be tested directly in model systems, simply by asking whether plastic and nonplastic genotypes differ in their ability to persist under novel conditions. Natural systems can also be used, provided that populations can be observed in both historic and novel environments. For example, plastic changes in breeding cycles have enabled dark-eyed juncos (Junco hymenalis) from temperate, montane environments to successfully colonize a lowland, costal habitat (Yeh and Price 2004) and red squirrels (Tamiasciurus hudsonicus) in Canada to cope with climatic change (Reale et al. 2003) . This latter example raises the point that as climatic change progresses, there will be ever more opportunities to test the hypotheses discussed here, so investigators can at least turn this unfortunate situation into an instructive one (Matesanz et al. 2010) . Along similar lines of taking advantage of anthropogenic influences, invasive species provide an excellent opportunity to ask whether plasticity has facilitated persistence in novel environments, an idea that has been supported by a number of studies (e.g., Lee and Petersen 2002; Geng et al. 2007 ; but see Davidson et al. 2011) .
A change in the environment can release cryptic genetic variation via phenotypic plasticity, in turn impacting the rate of evolutionary responses When selection pressures change, many generations may pass before beneficial mutants arise, or before recombination produces combinations of adaptive alleles from standing genetic variation. Alternatively, a new environment can release cryptic genetic variation, rapidly altering heritable phenotypic variance and potentially shifting phenotypic means within a single generation (Gibson and Dworkin 2004; Le Rouzic and Carlborg 2008; Schlichting 2008) , which, in turn, impacts the rate and nature of responses to selection (Price et al. 2003; Ghalambor et al. 2007; Lande 2009 ). This process could even accomplish peak shifts on an adaptive landscape ), a classic problem in evolutionary theory (Kirkpatrick 1982) . The release of cryptic genetic variation has been documented in both model (Debat et al. 2009; Hayden et al. 2011 ) and nonmodel systems (Ledon-Rettig et al. 2010; Otaki et al. 2010; McGuigan et al. 2011 ). Whether plasticity facilitates or retards rapid responses to selection, however, depends in part upon the relationship between this newly-expressed variation to the new fitness optima. If plasticity brings many genotypes in a population directly to the new fitness optima, then genetic variation will be shielded from natural selection and no evolution will occur. However, if plasticity brings a population to the slope of a new adaptive peak, then evolution by natural selection will result (Ancel 2000; Price et al. 2003; Ghalambor et al. 2007; Paenke et al. 2007 ).
After initial persistence via phenotypic plasticity, genetic accommodation will improve the form, expression, and phenotypic integration of newly adaptive traits Selection can only act on expressed phenotypic variation, so if the environment impacts how genetic variation is expressed, resulting adaptations should be in part constrained by that history (WestEberhard 2003) . West-Eberhard (2003) has coined the term ''genetic accommodation'' to encapsulate the various adaptive refinements of these initial environmentally-induced responses [West-Eberhard (2003) also includes mutationally induced modifications in her concept of genetic accommodation, but here I focus on those related to environmental variation], which include reductions in production costs, improvements of form, alterations of regulation, and integration with the rest of the phenotype.
One prediction of this hypothesis is that derived adaptations should to some degree resemble phenotypes that initially emerged via plasticity when novel selection pressures were first imposed. To test this prediction, one can determine whether the In a new environment, patterns of selection on no-plastic traits can change because they covary (either functionally or developmentally) with traits that do exhibit a plastic response.
Patterns of phenotypic plasticity common in a lineage will bias patterns of phenotypic diversification among species in that lineage. Because of its ability to promote persistence and adaptation in the face of novel environments, plasticity should promote adaptive radiation and constrain the types of adaptive outcomes that evolve. Because genetic accommodation of plastic responses encompasses so many types of evolutionary changes, a large body of evidence will be required to determine how common it is, and what forms it commonly takes. Examples are beginning to accumulate from both model and natural systems (although with rapidly growing genomic resources, these distinctions are fading). Experiments with tobacco hornworms (Manduca sexta), horned beetles (Onthophagus), and ants (Pheidole), for example, have been able to elucidate some of the developmental genetic mechanisms by which genetic accommodation of polyphenic traits occur, and in the latter two examples, how those polyphenisms have contributed to taxonomic diversification in the respective lineages (Moczek and Nijhout 2003; Moczek and Nagy 2005; Nijhout 2006, 2008; Rajakumar et al. 2012) . Natural populations that have recently expanded their range or that have invaded new habitats are good candidates for studying genetic accommodation (e.g., Badyaev 2009; Pfennig and Martin 2010) . A particularly thorough examination of the mechanisms and evolutionary consequences of genetic accommodation has been carried out in Eurytemora affinis, a marine copepod that has independently invaded freshwater numerous times. Investigations of natural populations, as well as experiments on artificial selection, revealed that these invasions are accompanied by genetic accommodation of plastic patterns of ion-motive enzyme activity (Lee et al. 2011) . Another example in which patterns and mechanisms of genetic accommodation have both been elucidated involves native species of Daphnia that have recently experienced the introduction of novel predators. In this case, invasive trout select for less-pigmented Daphnia, and genetic accommodation of plastic responses of melanin production has facilitated adaptation to these novel predators (Scoville and Pfrender 2010) . A particularly promising approach involves ''resurrection studies'' in plants (Matesanz et al. 2010) . Because many seeds can persist for decades or more, individuals produced prior to some environmental change can be grown alongside individuals produced after a change in selection. This approach has been used successfully to evaluate responses to selection in response to climatic change (Franks et al. 2007; Franks and Weis 2008) , including the relative contribution of phenotypic plasticity (Franks 2011) . This type of system has great potential for exploring the directive action of plasticity in evolutionary adaptation.
Traits exist as part of an integrated whole organism, changing throughout development, across environments, and in relation to other traits (the ''developmental reaction norm;' ' Schlichting and Pigliucci 1998) . Genetic accommodation is the complex process by which all of these interacting factors evolve. As such, in addition to directly examining the genetic and developmental mechanisms underlying individual plastic responses, studies of genetic accommodation also investigate the evolution of costs of plasticity (DeWitt et al. 1998; Callahan et al. 2008; Snell-Rood et al. 2010) , the effects of the environment on the evolution of trait integration and allometry (Badyaev and Foresman 2000; Murren 2002; Badyaev et al. 2005) , and the evolutionary causes and consequences of environmentally-mediated, alternative inheritance mechanisms (Jablonka et al. 1995; Mousseau and Fox 1998; Agrawal 2001b; Pfennig and Murphy 2002; Badyaev and Oh 2008; Galloway et al. 2009; Day and Bonduriansky 2011; Herman and Sultan 2012) .
In a new environment, patterns of selection on nonplastic traits can change because they co-vary (either functionally or developmentally) with traits that do exhibit a plastic response Hypotheses two and three, above, are predicated on the existence of heritable variation in phenotypic plasticity (i.e., GxE is present). However, even plastic responses that are not heritable can influence evolution if they alter patterns of selection on other traits . For example, the plastic shift in breeding exhibited by a new population of juncos (see above) has led indirectly to the evolution of characteristics of tail plumage (Price et al. 2008) . Consider also how a plastic, behavioral shift in habitat use or diet might bring a population under an array of new selection pressures, the situation first envisioned by Baldwin (1896 Baldwin ( , 1902 ) over a century ago. This argument is directly related to the concept of niche construction, whereby organisms' actions influence their own selective environment (OdlingSmee 1988; Donohue 2005; Laland and Sterelny 2006; Moczek 2012) . Considering these ideas as conceptually linked might bring us to a clearer understanding of phenotypic evolution (Sultan 2007; Moczek 2012) . Numerous studies have examined how plasticity impacts the integration of traits (Badyaev and Foresman 2000; Murren 2002; Badyaev et al. 2005; Tonsor and Scheiner 2007) , but more work needs to be done to fully understand how plasticity in some traits alter patterns of selection across the phenotype, and particularly how shifts in behavior change patterns of selection. This might be best accomplished by studies of experimental evolution or studies of natural populations in which subjects show a plastic shift in the use of some resource. Such a nonheritable change in behavior might move a population to a new zone on the adaptive landscape, altering patterns of selection on other aspects of the phenotype that do express heritable variation.
Patterns of phenotypic plasticity common in a lineage will bias patterns of phenotypic diversification among species in that lineage If plasticity biases the direction of evolution by influencing the form of expressed phenotypic variation, then phenotypic divergence among species should mirror phenotypic plasticity within species (Fig. 1) . Testing this hypothesis requires comparing the reaction norms of individual species in response to the same environmental gradient along which the taxonomic group has diverged. For example, spadefoot toads (Pelobatoidea) occupy a range of environments, including many arid areas that favor short larval periods because ponds dry quickly. Among species, larval period and several adult morphological features co-vary with temperature; within species, these same traits respond to temperature via plasticity. This correspondence between inter-specific divergence and individual phenotypic plasticity is consistent with the hypothesis that the form of plasticity promoted a specific pattern of diversification through genetic accommodation (Gomez-Mestre and Buchholz 2006). Similarly, terrestrial snakes that are closely-related to aquatic species show improved swimming performance if raised in an aquatic environment (Aubret et al. 2007 ) and plasticity in the length of Anolis limbs mirrors adaptive differences in limb length that have repeatedly evolved among ecomorphs (Losos et al. 2000; Kolbe and Losos 2005) .
Because of its ability to promote persistence and adaptation in the face of novel environments, plasticity should promote adaptive radiation and constrain the types of adaptive outcomes that evolve Similar to the argument that plasticity can affect the rates and nature of adaptation within populations, it may also impact the rates and nature of diversification within a lineage . If plasticity facilitates colonization of, and subsequent adaptation to, novel environments, then phenotypic plasticity should increase rates of adaptive diversification within a lineage . There is some evidence to support this hypothesis (Pfennig Fig. 1 Schematic depicting the process by which phenotypic plasticity might influence the nature of adaptive evolution. An ancestral population (with white, oval phenotypes) invades two different environments, and as a result of phenotypic plasticity, expresses alternative phenotypes (hatched and gray ovals). Assuming that genetic variation in newly-expressed traits already exists, or eventually arises, then selection within each environment leads to more fit adaptations (the highly hatched oval and dark gray oval, respectively). The key point is that the form of the ultimate adaptations was in part constrained by the phenotypes that initially arose as a plastic developmental response in each environment.
and McGee 2010), but more comparisons need to be made between plastic and nonplastic lineages before any general trends can be identified.
In addition to impacting speciation rate, plasticity might impact the types of traits that commonly evolve in a lineage. Many adaptive radiations are characterized by parallel ecotypic variation-the independent evolution of similar forms that have adapted to similar environmental conditions (e.g., Caribbean Anolis [Losos 1992 ]; threespine stickleback fish [Bell and Foster 1994] ; rift lake cichlids [Rüber et al. 1999] ). Parallel selection pressures leading to parallel outcomes can in part explain this phenomenon (Schluter and Nagel 1995) , as can repeated selection on the same pool of standing genetic variation (Schluter et al. 2004 ). An additional explanation is a shared developmental response to the same environmental stimuli (the ''flexible stem hypothesis; '' West-Eberhard 2003) . If an ancestral stem group repeatedly colonizes alternative environments, then plasticity will repeatedly lead to the same sets of alternative phenotypes, and genetic accommodation will repeatedly lead to the evolution of similar adaptations (i.e., the process depicted in Fig. 1 is repeated many times). This argument is a direct extension of that outlined in section 5, above, except applied to the case of adaptive radiation. At least some evidence suggests that the flexible stem hypothesis might account for parallel patterns of diversification in stickleback fish (Shaw et al. 2007; Wund et al. 2008; McCairns and Bernatchez 2010; Wund et al. 2012) , cichlid fish (Stauffer and van Snick Gray 2004) and Caribbean Anolis (Losos et al. 2000) . Testing this hypothesis requires understanding the adaptive value of derived traits, as well as patterns of plasticity that are ancestral to the radiation.
Plasticity can alter patterns of local adaptation by altering the relationship between selection and gene flow
To understand the impacts of gene flow on local adaptation, a long-standing goal in population genetics, it is necessary to consider how migrant alleles are expressed in the context of the local environment (Crispo 2008; Chevin and Lande 2011) . A pattern of co-gradient variation can be established if the effects of plasticity exaggerate phenotypic differences between local and migrant alleles, whereas countergradient variation can result if plasticity tends to reduce the phenotypic differences between alternative alleles (Conover and Schultz 1995; Grether 2005) .
Empirical support for both types of outcomes exists (Magalhaes et al. 2009; . Ultimately, the modifying affects of plasticity on interactions between selection and gene flow can influence whether reproductive barriers form between locally adapted populations; thus, plasticity should be an essential consideration in studies of ecological speciation (Thibert-Plante and Hendry 2011), the process whereby reproductive isolation arises between populations experiencing differential natural selection in alternative environments (Schluter 2000) .
Plastic traits are more evolvable than are nonplastic ones A final consideration is whether the developmental/ genetic mechanisms underlying plastic traits make them inherently more likely to evolve than would nonplastic traits. Increased evolvability might result if plastic traits are encoded by modular gene networks, providing more targets for mutation and natural selection (Sultan and Stearns 2005; SnellRood et al. 2010; Moczek et al. 2011 ). In addition, conditionally-expressed genes, by definition, are only exposed to natural selection under certain circumstances; thus they may experience a higher relative mutation rate during periods of relaxed selection Van Dyken and Wade 2010; Moczek et al. 2011) . Testing this hypothesis requires comparison of sequence diversity in conditionallyexpressed versus constitutively-expressed genes. For example, in Onthophagus beetles, which exhibit polyphenic development of horns, genes whose expression is morph-specific are more evolutionarily divergent than are genes that are equally expressed in both morphs (Snell-Rood et al. 2011) ; similar results have been found in Drosophila genes that contribute to maternal effects (Cruickshank and Wade 2008) . If a relationship between sequence variation and conditional-expression is found, it is important to understand the direction of causality-conditional expression may lead to higher mutation rates, or genes experiencing higher mutation rates might lead to the evolution of plastic traits (Leichty et al. 2012) .
Conclusion
Considering the mechanisms whereby the environment mediates the relationship between genotype and phenotype reveals complex developmental and evolutionary outcomes. Many have argued that this shift in focus warrants an extension of the Modern Synthetic framework from a more statistical and gene-centric viewpoint to a more mechanistic, development-centric viewpoint. This more mechanistic view integrates the interactive roles of genes, gene regulatory networks and environmental inputs in the production of complex, integrated phenotypes (West-Eberhard 2003; Sultan 2007; Pigliucci and Müller 2010a) . Enhancing the existing paradigm will require considerable effort, with diverse approaches in diverse systems, sometimes requiring us to revisit problems that we previously assumed to be solved. The examples presented here hopefully clarify new directions in research that will lead to better understanding of whether, how, and under what circumstances phenotypic plasticity, which is a fundamental characteristic of developmental systems, impacts evolutionary innovation and diversification. Understanding the complex ways that populations can respond to changing environments is becoming increasingly essential as humans rapidly alter environments around the globe (Hendry et al. 2008; Matesanz et al. 2010; Hendry et al. 2011) .
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